This preliminary study on the maintenance of industrial lubricants for chemical plant investigated appropriate maintenance through condition monitoring of the lubricants, in particular autoxidation of base oil as the major degradation process. Changes in chemical and physical properties caused by the autoxidation of hydrocarbons were considered in terms of reaction sequence. The roles of antioxidants for maintaining the quality of lubricants were also considered. The reaction mechanism suggested the importance of antioxidants in lubricants during service. Therefore, a new method to diagnose consumption of antioxidant was required. Organic peroxides are reactive species generated during the autoxidation of hydrocarbons at the initial stage and can be quantitatively analyzed by iodometric titration. The peroxide value (POV) is proposed as a new parameter to monitor conditions of lubricants. The POV trace was examined by a model oxidation test of lubricant in the laboratory. Subdivided addition of antioxidants to lubricant before an increase in POV was found to prolong the lifetime of the lubricants. POV in lubricants for compressors in chemical plant was monitored during the regular maintenance process for two years. Increased POV was observed during machine operation. Oil refill reduced the POV of the lubricant to some extent. Changes in total acid number (TAN) of lubricant were closely related to change in POV, whereas other parameters such as viscosity, insoluble contaminants and water contaminants seemed independent of the changes in POV. The utility of the POV trace depended on the conditions of machine operation, but provided early diagnostics of lubricant degradation in some cases.
Introduction
Antioxidants are one of the major components of industrial lubricants, which are added to prevent lubricant Lubricants undergo degradation during service, so redegradation caused by autoxidation during service. quire regular renewal when their functions became inThe additives are consumed during the decomposition adequate. Shutdown maintenance may be necessary or removal of the active intermediates such as radicals for recovery of all systems, which allows both replaceand peroxides that are formed during the autoxidation ment of aged oils and defective parts, but also cleaning process. Replenishment of antioxidants is widely recof the machines. However, shutdown maintenance is ognized as very important in the make-up of industrial usually expensive. Therefore, partial maintenance on lubricants. We previously pointed out that the effect demand is desirable to reduce the cost. Replacement of antioxidants in make-up oil strongly depends on the of all the lubricating oil in the reservoir is usually exstage of aging 1) . Our results indicated that the makepensive and time consuming. Therefore, replacement up procedure should be performed before the initiation of only the oil lost through evaporation or leakage is a of the autoxidation of the base oil. c o m m o n p r o c e d u r e i n l u b r i c a n t m a i n t e n a n c e .
The chemical process of the autoxidation is illustrated Similarly, replenishment of lubricant additives conin Fig. 1 . The autoxidation mechanism of hydrosumed during service is sometimes applied in the maincarbons involves carbon radicals and organic peroxides tenance of industrial lubricants. This technique, the as active intermediates 2) . The active intermediates are so-called "make up of lubricant," can prolong the lifeunstable substances generated at the initial stage of the time of the lubricant if the maintenance is correctly proautoxidation. The organic peroxides are then converted grammed.
to organic oxides such as aldehydes, ketones, alcohols, and carboxylic acids. In particular, the carboxylic ＊ To whom correspondence should be addressed.
acids cause the corrosion of metallic materials. The ＊ E-mail: ichiro@iwate-u.ac.jp formation of carboxylic acids can be detected by increases in the total acid number (TAN) of lubricants. Some organic oxides undergo further reactions that cause changes in the physical and chemical properties of the lubricant. For example, the aldol condensation of carbonyl compounds forms oligomers and/or polymers that increase the viscosity of the lubricant. Certain polymers are considered to be precursors of varnish or sludge. These changes can be observed sequentially in model laboratory experiments 3) . The autoxidation process involves an induction period during which the presence of antioxidants is effective to remove the active organic peroxide intermediates. However, the antioxidants are consumed by the removal of the active intermediates during the induction period, so when depleted, the level of peroxides starts to rise. The end of the induction period is marked by the final depletion of the effective levels of antioxidants. At this stage, few if any changes have occurred in the physical and chemical properties of the aged oil 1) . Therefore, we considered that the initial increase in the peroxide levels in aged oil may provide an early indicator of lubricant degradation. Such early diagnosis of autoxidation would be very beneficial to schedule the timing of the maintenance program. In addition, replenishment of antioxidants should be performed just before the completion of the induction period. Fortunately, quantitative analysis of peroxides is easily performed by iodometric titration at reasonable cost 4) . The present study proposes the measurement of the peroxide value (POV) as an indicator of the need for antioxidant replenishment in lubricating oil, which was tested in a model study in the laboratory and a field study in a chemical plant. We hypothesized that subdivided addition of antioxidants would prolong the lubricant lifetime. Model oxidation of the sample oil found that autoxidation was prevented if the antioxidants were replenished before an increase in POV was detected. The POV and other conventional parameters were then measured in lubricants in service for compressors in a chemical plant for two years to determine the relationships between POV and other parameters of lubricants in terms of the operating conditions of machines.
Experimental

1. Model Oxidation Test in the Laboratory
Practical lubricants consist of the base oil and several additives to satisfy the tribological requirements and to prevent degradation. The complexity of additive systems is sometimes considered to make fundamental research difficult. Therefore, we first designed a model system for this study. The major desirable functions of lubricants are improvement in the tribological properties and prevention of degradation. Usually, lubricant additives are responsible for these functions, and include ZnDTPs as one of the most versatile additives that both reduce the wear of surfaces as well as prevent the autoxidation of base oils 5), 6) . Therefore, both functions can be monitored simultaneously by tracing one component. In addition, a model lubricant containing two additives may involve some interaction between them. The bifunctionality of ZnDTP eliminates any undesirable interaction of additives that would complicate the results.
Procedure A: To a solution of ZnDTP in squalane taining the temperature at 120℃. Every 10 h, 10 g of oxidized oil was sampled and fresh solution of ZnDTP in squalane (2 mmol ・kg -1 , 10 g) was added. This sampling-addition procedure was repeated 9 times, during total oxidation time of 100 h. In this procedure, the total amount of ZnDTP was 0.38 mmol.
Oil Monitoring in a Chemical Plant
Lubricants for machines in a chemical plant were analyzed as part of the regular maintenance procedure. Addition to the conventional parameters, the POV of the lubricants was measured. The types of machines and methods for lubricant analysis are listed in Tables 1  and 2 , respectively. 
Results and Discussion
1. Model Oxidation Test in the Laboratory
Procedure A caused both POV and TAN to increase within 50 h, indicating that autoxidation occurred under these conditions (Fig. 2) . Therefore, the anti-wear properties of the lubricant evaluated by the four-ball test were poor. Another portion of ZnDTP was added to the aged oil and the model oxidation was continued for a further 50 h, showing that the rate of rise in POV during the second 50-h period was higher than that during the first 50-h period. These results indicate that the function of ZnDTP as antioxidant during the second 50-h period is inferior to that during the first 50-h period. The findings of the four-ball wear test also indicated increased additive depletion during the second 50-h period. Considerable rises in the three degradation indices (POV, TAN and wear) during the second 50-h period suggested that further addition of ZnDTP did not improve the function of the lubricant. In contrast, procedure B resulted in few changes in the degradation indices, although the total amount of ZnDTP was slightly lower than that for procedure A.
Obvious differences in the anti-oxidation function of ZnDTP between procedure A and the procedure B can be explained by the reaction mechanism. The primary function of ZnDTP as antioxidant is to remove the reactive species such as organic peroxides that are generated by the autoxidation of hydrocarbons. In addition, several side reactions (or simultaneous reactions) have to be considered, including pyrolysis of the antioxidants which probably occurs under these conditions. Such side reactions may be important if excess amounts of antioxidants for removing the active intermediates are present in the system (Fig. 3) . The subdivided addition of antioxidant provides the appropriate amount of antioxidants for removing the active intermediates if timing of the addition was successfully programmed. We propose that this is the main reason why procedure B is superior to procedure A.
The TAN increased after the first 50-h period in procedure A, suggesting the formation of certain organic oxides. The findings accord with the previous report demonstrating that organic oxides have detrimental affects on the function of antioxidants.
Pyrolysis causes unnecessary consumption of antioxidants, so prevention of side reactions is important to optimize the anti-oxidation properties that prolong the lifetime of lubricants. The laboratory oxidation test suggested that subdivided addition of antioxidants has the best potential for practical applications. The most effective procedure is addition of antioxidants just before the generation of organic oxides by autoxidation. Therefore, the timing of the re-addition of antioxidants is very important. As explained in Fig. 1 , we evaluated the POV as an indicator of autoxidation in the early stages of lubricant degradation.
2. Monitoring in a Chemical Plant
The degradation of lubricants in practical application is complicated. Autoxidation and other mechanisms have to be considered. Therefore, we investigated the POV change in practical lubricants during service. Comparison of POV with other conventional parameters for lubricant maintenance was also of interest. Therefore, sample oils obtained through regular oil Machine #2 (Fig. 5) : Results obtained from machine operation were confusing. TAN increased before POV rose, which cannot be explained by the mechanism of autoxidation. Careful analysis of the operating conditions of the machine revealed that introduction of acidic contaminants into the oil during service. The acid contaminants might promote the autoxidation of oil and result in POV increase. POV decreased after SDM on 2002/12/10 and on 2003/2/13. The reductions in TAN and POV by additives in fresh lubricant are expected. In this case, POV measurement was strongly supported for monitoring of lubricant condition. Similar to the findings for machine #1, no obvious change in viscosity was detected. Insoluble contamination and water con- Machine #4 (Fig. 7) : No detectable changes in POV were observed throughout machine operation. The machine was a nitrogen compressor, so autoxidation was unlikely. Therefore, low POV was expected. The lubricant might undergo degradation by other causes. No changes in viscosity and water contaminants were detected, but insoluble contamination was present.
Machine #5 (Fig. 8) : POV increased during machine operation and decreased after SDM. However, no obvious changes in TAN and viscosity were detected throughout the service. These results suggest initiation of autoxidation. Insoluble contamination and water contents seemed independent of changes in POV.
Machine #6 (Fig. 9) : The findings were very similar to those of machine #5.
POV increase during service was observed in all machines except for machine #4. Increase in TAN was also observed subsequently for machines #1 and #3, which is in good agreement with the reaction mechanism. Changes in POV but not TAN were detected for machines #5 and #6 before the regular maintenance. Therefore, the conventional maintenance seems to adopt appropriate timing. Machine #4 was run under nitrogen, so autoxidation did not seem to be significant. On the other hand, machine #2 was run under acidic NOx gas, so both POV and TAN increased significantly even during short duration of service. In this case, promotion of autoxidation by NOx is most likely 7) . No obvious change in lubricant viscosity was observed for all machines monitored. Insoluble contamination and water had no direct relationships to the autoxidation. In summary, POV should be monitored carefully for machine #2. POV in addition to the conventional parameters should be monitored for machines #1 and #3, if an early diagnostic is required. Lubricant maintenance is best done for machines #4, #5, and #6 by monitoring the conventional parameters. Application of the proposed POV-TAN monitoring for lubricant maintenance in the chemical plant is now in progress.
Conclusions
Subdivided re-addition of antioxidant was proposed to preserve the functions of industrial lubricants. The timing of the re-addition can be optimized by monitoring the stage of autoxidation. POV and TAN are con-venient parameters to indicate the early stage of the autoxidation. These parameters and the conventional parameters of practical lubricants were monitored for two years in a chemical plant. The conventional parameters for monitoring of lubricants were effective maintenance of machines for chemical plant. POV measurement provided early diagnosis of lubricant degradation in some machines run under particular conditions.
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